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Protein sequences of members of the plasminogen activation
system are present throughout the entire vertebrate phylum.
This important and well-described proteolytic cascade is gov-
erned by numerous protease—substrate and protease—inhibitor
interactions whose conservation is crucial to maintaining un-
changed protein function throughout evolution. The pressure
to preserve protein—protein interactions may lead to either co-
conservation or covariation of binding interfaces. Here, we com-
bined covariation analysis and structure-based prediction to
analyze the binding interfaces of urokinase (uPA):plasminogen
activator inhibitor-1 (PAI-1) and uPA:plasminogen complexes.
We detected correlated variation between the S3-pocket-lining
residues of uPA and the P3 residue of both PAI-1 and plasmin-
ogen. These residues are known to form numerous polar inter-
actions in the human uPA:PAI-1 Michaelis complex. To test the
effect of mutations that correlate with each other and have
occurred during mammalian diversification on protein—protein
interactions, we produced uPA, PAI-1, and plasminogen from
human and zebrafish to represent mammalian and nonmamma-
lian orthologs. Using single amino acid point substitutions in
these proteins, we found that the binding interfaces of uPA:plas-
minogen and uPA:PAI-1 may have coevolved to maintain tight
interactions. Moreover, we conclude that although the interac-
tion areas between protease—substrate and protease—inhibitor
are shared, the two interactions are mechanistically different.
Compared with a protease cleaving its natural substrate, the
interaction between a protease and its inhibitor is more complex
and involves a more fine-tuned mechanism. Understanding the
effects of evolution on specific protein interactions may help
further pharmacological interventions of the plasminogen acti-
vation system and other proteolytic systems.

Protein—protein interactions, which generally involve con-
tact between specific amino acids from each protein, are
involved in the majority of cellular functions. Understanding
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protein—protein interactions and their evolution is important
not only for understanding human physiology but also for ratio-
nally influencing signaling, regulatory pathways, and enzyme
systems for a therapeutic outcome.

Evolution of protein—protein interfaces may have one of
three results: 1) the affinity of interaction may be unchanged,
even if there are alterations of key residues; 2) new high affinity
interactions may be generated between previously noninteract-
ing proteins; and finally 3) interactions may decrease in affinity,
potentially to the point that they no longer form. In all three
cases, the effect of residue changes in one of the interacting
surfaces will depend on the properties of complementing resi-
dues on the other interacting surface. In addition, amino acids
present at other positions on the same surface may affect the
functional consequences of a residue exchange. The affinity
between two proteins may also depend on residues distant from
the interfaces, in view of conformational effects (1).

Due to their high structural similarities yet diverse and highly
specific functions, extracellular trypsin-like serine proteases
offer an opportunity to study the above-mentioned evolution-
ary scenarios. Moreover, serine protease systems have been
widely studied, leading to a greater understanding of catalytic
and regulatory mechanisms. The functions of serine proteases
depend on numerous protein—protein interactions including
internal interdomain interactions, those between the enzymes
and their protein substrates, the enzymes, and their protein
cofactors, and the enzymes and their inhibitors (2).

The plasminogen activation system includes the serine pro-
teases uPA,” tissue-type plasminogen activator (tPA), and their
common substrate plasminogen (3). Both enzymes uPA and
tPA catalyze the conversion of the zymogen plasminogen to the
active serine protease plasmin by hydrolysis of a single peptide
bond, the RV bond in a short, disulfide-bridged constrained
sequence (CPGRVVGGC in humans) (4, 5). This proteolytic
reaction is initiated by formation of a noncovalent “Michaelis”

2The abbreviations used are: uPA, urokinase; PAI-1, plasminogen activator
inhibitor-1; tPA, tissue-type plasminogen activator; RCL, reactive center
loop; EGR-cmk, H-Glu-Gly-Arg-chloromethylketone; MI, mutual informa-
tion; wPlg, microplasminogen; huPA, human uPA; hPAI-1, human PAI-1;
huPlg, human wPlg; zZfuPA, zebrafish uPA; zfPAI-1, zebrafish PAI-1; zfuPlg,
zebrafish uPlg; SPR, surface plasmon resonance; uPlasmin, microplasmin;
BME, B-mercaptoethanol; SPD, serine protease domain; HEK293-6E,
human embryonic kidney 293-6E cells; DFP, diisopropylfluorophosphate;
PDB, Protein Data Bank.
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complex in which residues of the substrate interact with the
binding pockets of the active site of the chymotrypsin-like ser-
ine protease. The immediate N-terminal and C-terminal resi-
dues adjacent to the bond being cleaved, named P1 and P1’,
respectively, insert into the S1— and S1'—pockets and vice versa.
The final binding interface between the substrate and serine
protease constitutes the P2-Pn/S2-Sn and P2'-Pn’'/S2'-Sn’
interactions as well as additional main chain and side pocket
interactions (2).

Besides the knowledge about the scissile bond, virtually
nothing is known about the recognition of plasminogen by uPA
or tPA, despite decades of research on plasminogen activation.
It is likely that plasminogen makes exosite contacts to uPA or
tPA, defined as interactions between a substrate or an inhibitor
with parts of the enzyme outside of the active site, that contrib-
ute to the rate of cleavage. This presumption is based on a
previous observation that linear or cyclic peptides containing
only the CPGRVVGGC sequence are poor substrates for uPA
and tPA (6-8).

The primary physiological, highly specific and fast-acting
inhibitor of the plasminogen activators is the serpin PAI-1 (9).
Serpins, like PAI-1, are synthesized and secreted in a metastable
(“stressed”) state, which can convert to a stable (“relaxed”) state
by insertion of the reactive center loop (RCL) into the central
B-sheet A. The existence of these two conformational states is
the basis for the protease inhibitory mechanism of serpins (10—
13). Serpins are recognized by their target proteases as a sub-
strate. Through an initial reversible Michaelis (encounter)
complex, the target protease attacks the reactive center peptide
bond in the RCL like a substrate. However, in the following
steps, the RCL is inserted into 3-sheet A and the serpin converts
to the relaxed state. This conformational change of the serpin
deforms the catalytic domain of the protease. As a conse-
quence, peptide bond hydrolysis is halted, and a stable, covalent
complex with a permanently inactivated protease is formed.
The high specificity of most serpins for specific proteases is a
result of the RCL—active site interaction as well as exosite inter-
actions. In the case of PAI-1, highly specific and efficient inhi-
bition of its target proteases present at low concentration is
achieved by formation of a tight Michaelis complex with low
nanomolar affinity. However, other serpins may accomplish
this through cofactors or where a lower affinity is compensated
by higher in vivo concentrations (14, 15).

In the present study, we have mapped the occurrence of the
plasminogen activation system in the vertebrate subphylum
using previously published sequences. Plasminogen, uPA, tPA,
and PAI-1 were identified in all vertebrates, from cartilaginous
fishes to mammals, although PAI-1 appears to have been lost in
a vast majority of birds and uPA was not found in amphibians.
Using protein structure prediction and multiple sequence
alignment, we investigated the evolution of the interaction sur-
faces between uPA and its primary substrate and inhibitor,
plasminogen and PAI-1, respectively. Within the vertebrate
subphylum, we found evidence for correlated amino acid
changes in the enzyme, substrate, and inhibitor. To investigate
the role of these amino acids in the interaction interface, we
switched single species-specific amino acids in uPA, plasmino-
gen, and PAI-1 proteins and analyzed the functional conse-
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quences. Despite the fact that the chosen species belong to evo-
lutionary distant lineages of teleosts and mammals, it was
possible to switch species specificity by a single mutation in the
inhibitor. Mutations introduced in the specificity pocket of the
protease resulted in altered specificity of mammalian, but not
teleost protein. The combination of correlated variation, spec-
ificity switching due to alteration of the same residues and tight
interactions indicated that coevolution may have occurred in
the uPA:PAI-1 protease:inhibitor complex. Interestingly, our
analysis of the protease:substrate interface, including rational
mutations of the substrate plasminogen, did not reveal strong
coevolution; we conclude that controlling unwanted and
potentially detrimental unattested protease activity is evolu-
tionary more important than securing the specificity of a sub-
strate cleavage reaction as long as it takes place at a sufficient
rate.

Results

Structural analysis of the interface in the plasminogen
activator:PAI-1 Michaelis complex

X-ray crystal structures of the Michaelis complexes between
human PAI-1 and human uPA (16) and between human PAI-1
and human tPA (17) were previously determined. In both cases,
the active site of the protease interacts with the RCL of PAI-1
and numerous exosite interactions are formed. Using the con-
sensus sequences of uPA, tPA, and PAI-1 from vertebrate
classes, we compared amino acids present at the positions cor-
responding to the interacting residues in human complexes.
The analyzed residues were either highly conserved (i.e. exo-
sites within 37-loop, S1-pocket, and P1 residue), varied or dis-
played correlated amino acid replacements in the pair of inter-
acting proteins. The latter may in some cases be a sign of
coevolution (18).

RCL residues P4 to P3’ are involved in extensive interactions
with the uPA catalytic site, particularly the P1-P3 residues of
PAI-1 align into the active site of the protease in a substrate-like
manner, i.e. the main chain of these residues in the uPA:PAI-1
complex coincided completely with the P1, P2, and P3 residues
of the H-Glu-Gly-Arg-chloromethylketone (EGR-cmk):uPA
complex (19) (Fig. 1, A and B). The P3 residue inserts into the
so-called S3-pocket of uPA lined by the residues 97b, 99 (97-
loop), 215,216, and 217 (216-loop) and forms polar interactions
with the residues His-99, Leu-97b, and Gly-216 (Fig. 1C). The
P3 residue in PAI-1 is consistently a bulky residue in nonmam-
malian vertebrates, Tyr, Phe, Leu, or Val, whereas it is a Ser in
mammals. uPA residues 97b, 99, and 217 are consistently Gly,
Tyr/Phe, and Glu/Asp/Ile in nonmammalian vertebrates and
Leu, His, and Arg in mammals (Fig. 2). Residues 215 and 216,
lying in the bottom of the S3-pocket, are conserved through the
vertebrates (Fig. 2). Structural modeling of nonmammalian
uPA:PAI-1 Michaelis complex suggested that mutations within
the 97- and 216-loops of uPA may result in S3-pocket enlarge-
ment and charge reversal on the lip of the pocket (Fig. 1, D and
E). Teleosts possess two uPA variants, uPAa and uPAb (20). For
the majority of teleosts the uPAa 97-loop is two amino acids
shorter than the vertebrate consensus, thus we excluded uPAa
from further analysis. There is a consistent covariation in the P3
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B) P1-P3 residues of PAI-1 C) P3:S3-pocket interactions
and EGRcmk

in human uPA:PAI-1 complex

A) uPA:PAI-1 Michaelis complex

D) Michaelis complex between E) Michaelis complex between
human uPA:PAI-1 zebrafish uPA:PAI-1

Gly97b

ES.Z]Z]

Figure 1. Michaelis complex between uPA and PAI-1. A, structure of Michaelis complex between human PAI-1 (yellow) and uPA (white) (PDB ID 3PB1). B, in
complexes with uPA, main chains of the P1 to P3 residues of PAI-1 (yellow) align with the P1-P3 residues of EGR-cmk (green) (PDB ID 1LMW). C, P3 Ser of hPAI-1
forms polar interactions with the S3-pocket forming residues of huPA (Leu-97b, His-99, Gly-216). Hydrogen bonds are shown as dashed lines. D and E, charge
and size of the S3-pocket in huPA and zfuPA are different. Enlarged S3-pocket of zZfuPA can accommodate bulky P3 residues of zfPAI-1 (cyan). Structure of the
zfuPA:zfPAI-1 Michaelis complex was modeled in SwissModel using a human uPA:PAI-1 Michaelis complex structure as the template (PDB ID 3PB1). The RCL of
zfPAI-1 is shown in cyan, with P1 to P3 residues shown as sticks.

A) RCL of PAI-1 B) 97- and 216-loops of uPA

P3 P1 97b 99 217
Human VSARMAPEE Human ADTLAHHND WGR
Mammals (42) VSARMAPEE Mammals (48) ADTLAHHND WGR
Common starling VYSRMAPLE Birds (55) DDTGGNEND WGD
Chinese alligator FVARMAPPE Alligators (2) DESGGYEND WGI
Turtles (2) VYARMXPXE Turtles (3) DEXGDFNND WGD
Lizards&snakes (3) VYSRMAPLE Lizards&snakes (3) QQRGDYDND WGD
Amphibians (2) LLARMAPLE Lungfish DSTGAYEND WGD
Lungfish LYARMAPIE Zebrafish B NTDGNFNND WGE
Zebrafish IYSRMAVEE Teleosts B (13) NSEGNFNND WGD
Teleosts (24) MFSRMAVEE Teleosts A (13) DST--YNND WGE
Elephant shark LYARMAPLE Elephant shark SMT--YNND WGE
Non-mammalian XYARMAPLE Non-mammalian DSTGNYNND WGD
C) Plasminogen activation loop D) 97- and 216-loops of tPA

P3 P1 99 217
Human CPGRVVGGC Human DDT--YDND WGL
Mammals (34) CPGRVVGGC Mammals (40) DDT--YDND WGL
Birds (52) CAQRIVAGC Birds (52) SEN--FNND WGI
Alligators (2) CPQRIVGGC Alligators (2) PET--YDND WGI
Turtles (3) CPTRIVGGC Turtles (3) PET--YDND WGI
Lizards&snakes (2) CFGRIVGGC Lizards&snakes (3) PXT--FDND WGV
Xenopus tropicalis CFGRIVGGC Amphibians (2) XNT--FDND WGI
Lungfish CFGRIVGGC Lungfish SIT--FDND WGE
Zebrafish CFGRIVGGC Zebrafish DET--YDND WGD
Teleosts (21) CFGRIVGGC Teleosts (22) NET--FDND WGD
Elephant shark CYGRIVGGC Elephant shark DRT--KDND WGD
Non-mammalian CFGRIVGGC Non-mammalian PET--FDND WGI

Figure 2. Multiple sequence alignment of the PAI-1 RCL (A), plasminogen activation loop (C), and residues forming 97b- and 217-loops in uPA (B) and
tPA (D). To compare uPA, tPA, plasminogen, and PAI-1 from various vertebrates, sequences of each monophyletic group were aligned in ClustalOmega and a
consensus was determined. Numbers in the brackets refer to the number of sequences used for consensus determination. Ambiguous resides are shown as X.

residues of PAI-1 and the residues lining the S3-pocket of uPA, For the PAI-1 complex with tPA, the active site interactions
with a difference between mammals and other vertebrates. are limited to the P1 residue of PAI-1 inserting into the S1
Similar correlations were not observed on the P’ side, as the specificity pocket of tPA (17). The 97-loop of tPA is consistently
P1’'-P3’ PAI-1 residues are almost completely conserved. 2 residues shorter than that of uPA (Fig. 2) and the RCL adopts
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Table 1

Ml scores are shown calculated for uPA:PAI-1 and uPA:plasminogen
pairs

PAI-1 Plasminogen
uPA Residue MI score Residue MI score
S3 pocket
Leu-97b SP3 1.988 PP3 3.133
His-99 SP3 2.300 P P3 12.602
Trp-215 SP3 Cons” PP3 Cons
Gly-216 SP3 Cons PP3 Cons
Arg-217 SP3 5.428 P P3 —0.582
S2 pocket
GIn-192 A P2 —0.193 GP2 Cons
GIn-192 P P3’ —2.681 G P3’ Cons
S1 pocket
His-57 RP1 Cons RP1 Cons
Asp-189 RP1 Cons RP1 Cons
Ser-190 RP1 Cons RP1 Cons
Gly-193 RP1 Cons RP1 Cons
Asp-194 RP1 Cons RP1 Cons
Ser-195 RP1 Cons RP1 Cons
Ser-214 RP1 Cons RP1 Cons
Ser-219 RP1 Cons RP1 Cons
His-57 MP1’ Cons VP1’ Cons
Gly-193 MP1’ Cons VP1’ 6.536
Exosite loops
Val-41 A P2 Cons VP2’ Cons
Tyr-151 A P2 Cons VP2’ Cons
Arg-35 E P4’ 0.987 G P4’ Cons
Tyr-60b E P4’ Cons G P4’ Cons
Tyr-149 E D5’ Cons

“ Cons refers to conserved residues for which calculated MI values are irrelevant.

the kinked conformation, which results in the lack of the polar
interactions between the P2 and P3 residues of PAI-1 and the
residues lining the S3-pocket of tPA.

The plasminogen activator-plasminogen interface

There is no existing structural data for the Michaelis com-
plex between plasminogen and uPA, but because PAI-1 behaves
like a substrate for uPA, we assumed that the sequence around
the scissile bond in plasminogen encounters uPA in largely the
same conformation as the sequence around the scissile bond in
PAI-1. We therefore aligned this sequence from plasminogen
among representative vertebrate species (Fig. 2). We noticed
similar, although weaker, covariation in the residue present in
the P3 position in plasminogen and PAI-1. In the majority of
lower vertebrates, there is consistently a large aromatic or ali-
phatic residue in the P3 position of plasminogen and PAI-1,
with the exception of turtles, alligators, and birds having Pro or
Ala at this position. In mammals, the P3 in plasminogen is con-
sistently a Pro.

Correlated evolutionary changes

As correlated evolutionary changes in binding interfaces can
arise from intermolecular coevolution (18), we identified site-
specific correlated substitutions between the components of
the Michaelis complexes using mutual information (MI). Al-
though recently developed methods for identifying correlated
changes are more sensitive than MI (21, 22), they require a very
large number of aligned sequences, and therefore cannot be
applied in this case. MI scores are shown in Table 1. Several of
the interacting sites are completely conserved, so their MI
scores are uninformative. It is possible that conservation at one
site constrains the set of accepted replacements at the second
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site, and so co-constraint could be a sign of coevolution (18).
However, a number of other evolutionary mechanisms can
give rise to similar patterns of conservation. At a number of
other sites in the interface between PAI-1 and uPA, correlated
changes are observed, as indicated by large positive MI scores.
In particular, changes in the P3 site of PAI-1 correlate with
changes in the 99 and 216 loops of uPA. Equivalent high MI
scores are not observed between PAI-1 and tPA. Positive MI
scores are also observed between residues of the plasminogen
activation loop and uPA residues interacting with the RCL of
PAI-1 in those sites where there is variation. In summary, MI
scores corroborate the correlations identified by inspection of
the sequence alignments shown in Fig. 2.

On the basis of the above analysis of the Michaelis com-
plexes, we hypothesized that uPA and plasminogen/PAI-1 have
coevolved, ensuring a functional S3—P3 interaction at all times,
whereas this interaction has not played any role in the evolution
of the interaction between tPA and plasminogen/PAI-1.

We tested this hypothesis by characterizing the interactions
of microplasminogen (uPlg) (truncated variant of plasminogen,
Fig. S1) and PAI-1 from human (huPlg, hPAI-1) and zebrafish
(zfuPlg, zfPAI-1) with human uPA (huPA) and zebrafish uPAb
(zfuPA), which serve as representatives for mammalian and
nonmammalian proteins (Fig. 3). If the hypothesis is correct, we
would predict poor reactivity of uPA from one species with
plasminogen/PAI-1 from the other species. Moreover, we
would expect to be able to improve the interspecies reactiv-
ity by mutating the residues in the polymorphic positions to
those present in the other species. We chose to mutate indi-
vidually and simultaneously the uPA S3-pocket residues dis-
playing large differences in the physicochemical properties
between mammals and nonmammalian species, i.e. positions
97b and 217 (Fig. 3) (varying in size and charge). Addition-
ally, a triple mutant of uPA was created (97b, 99, and 217),
with the S3-pocket residues fully exchanged between human
and zebrafish (Fig. 3).

Species specificity of the reaction of PAI-1 and uPA, formation
of the Michaelis complex

We analyzed the initial step of the interaction between PAI-1
and uPA, i.e. the formation of the Michaelis complex. To do so,
we immobilized variants of uPA S195A on the surface of plas-
mon resonance (SPR) chips via an antibody and determined the
rate constants and the K, values for the binding. As specific
anti-huPA and anti-zfuPA antibodies were immobilized on the
chip surface, uPA S195A variants were not purified but cap-
tured directly from the conditioned media. Such a setup
enabled fast screening of a number huPA and zfuPA mutants.
The use of uPA S195A, with the active site Ser mutated to an
Ala, ensures that the reaction stops at the Michaelis complex
and does not proceed to the stable complex. In general, we
consider a change in affinity constant caused by the mutation
within the same protein, to be considered of functional signifi-
cance, to be in the order of magnitude of at least 5-10-fold. The
results are shown in Table 2, and Figs. 4 and 5. Representative
sensorgrams for all tested uPA:PAI-1 pairs are shown in Fig. S2.

It is seen that with all PAI-1 variants with P3 = Ser, the
affinity is highest with huPA, whereas with P3 = Tyr, the affin-
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Figure 3. Strategy for mutagenesis of uPA, PAI-1, and pPlg from zebrafish and human. Based on multiple sequence alignment and MI calculations,
correlated mutations between the S3-pocket-lining residues of uPA and the P3 residue of PAI-1 and S3-pocket residues of uPA and P3 residue of plasminogen
were detected. The uPA S3 specificity pocket is composed of residues 97b, 99, 215, 216, and 217 of which residues Trp-215 and Gly-216 (marked in gray) are
conserved through the vertebrate phylum. Residues 97b, 99, and 217 are Leu, His, and Arg in mammalian uPA (pink) and Gly, Phe, and Glu in uPA from
nonmammalian species (blue). The P3 residue of PAI-1 inserts into the S3 specificity pocket of uPA and forms polar contacts with the S3-pocket-lining residues
(16). The P3 residue s either Serin mammalian PAI-1 (dark pink) or Tyrin nonmammalian PAI-1 (dark blue). The P3 residue of plasminogen is either Pro (dark pink)
or Phe (dark blue) in mammalian and nonmammalian proteins, respectively. As correlated mutations occurred after diversification of mammals, we produced
human (pink) and zebrafish (blue) uPA, PAI-1, and plasminogen, representing mammalian and nonmammalian orthologues, respectively. We then exchanged
the residues of interest alone or in combination and tested if interactions between uPA:PAI-1 and uPA:plasminogen were affected.

Table 2
Kp, (nm) for interactions between PAI-1 and uPA variants

Mammalian P3

Non-mammalian P3

uPA hPAIL-1 WT ZfPAL-1 Y(P3)S hPAI-1 S(P3)Y ZfPAL-1 WT
huPA S195A 0.58 + 0.04 (3) 1.04 + 0.08 (3) 17.1 + 0.69 (3) 5.39 + 0.51 (3)
huPA L97bG/S195A 22.8 + 2.98 (3) 15.7 + 0.58 (3) 8.83 + 1.28 (3) 8.29 + 0.36 (3)
huPA S195A/R217E 0.06 + 0.01 (3) 1.47 + 0.37 (3) 1.52 + 0.16 (3) 2.03 + 0.15 (3)

huPA L97bG/S195A/R217E
huPA L97bG/H99Y/S195A/R217E

2.85 + 0.78 (3)
26.1 (1)

zfuPA S195A 2.21 = 0.24 (3)
zfuPA G97bL/S195A 2.70 £0.43 (3)
zfuPA S195A/E217R 18.6 £ 5.14 (3)

zfuPA G97bL/S195A/E217R
zfuPA G97bL Y99H S195A E217R

17.0 + 3.12 (3)
21.89 (1)

21.4 £ 5.57(3) 0.46 = 0.15 (3) 0.35 = 0.12 (3)

30.93 (1) 2.96 (1) 20.98 (1)

5.96 + 1.25 (3) 0.05 * 0.01 (3) 0.11 * 0.01 (3)
6.76 + 1.79 (2) 0.05 + 0.01 (3) 0.17 * 0.01 (3)
34.2 + 554 (3) 1.32 + 0.15 (3) 1.27 = 0.08 (3)
28.5 + 4.35 (3) 1.04 + 0.22 (3) 1.40 + 0.21 (3)
37.06 (1) 5.66 (1) 5.49 (1)

ity is highest with zfuPA. In general, substitution of the P3 res-
idue of zfPAI-1 (Fig. 4, Table 2) with Ser conferred them with
the same or almost the same affinity to huPA as hPAI-1 WT,
whereas substitution of the P3 residue of hPAI-1 conferred it
with the same affinity to zfuPA as zfPAI-1 WT. This observa-
tion is in full agreement with the hypothesis that the different
reactivities of zfPAI-1 with huPA and zfuPA and the different

3798 J. Biol. Chem. (2019) 294(10) 3794 -3805

reactivity of mammalian PAI-1 with huPA and zfuPA are due to
the P3 residues.

On the uPA side, it is seen that mutating huPA residue 97b
from Leu to Gly decreases the affinities to PAI-1 variants with
P3 = Ser and in fact brings it to the same level as the affinity of
zfuPA to these PAI-1 variants; the affinities to the PAI-1 vari-
ants with P3 = Tyr are only slightly affected. If we make the

SASBMB
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Figure 4. SPR analysis of uPA:PAI-1 Michaelis complex formation. To test
the importance of the P3 residue of PAI-1 on species specificity in reaction
with uPA, the P3 residues were exchanged between hPAI-1 and zfPAI-1.
hPAI-1 WT, zfPAI-1 WT, hPAI-1 S(P3)Y, and zfPAI-1 Y(P3)S variants were tested
for binding to huPA S195A (closed symbols) and zfuPA S195A (open symbols)
captured on the surface of the SPR chip via specific antibody. The S195A
mutation in the protease enabled the inhibitory reaction to stop at the
Michaelis complex formation step. Each point represents the mean value for
three individual K, determinations with standard deviation. Helper lines
interconnecting the individual data point are given as visual trend guides.
Representative sensorgrams with the fit are shown in Fig. S2.

residue at position 217 similar to that in zebrafish, i.e. by intro-
ducing an R217E mutation into huPA S195A4, it resulted in an
increase in the affinity to PAI-1, independently of which residue
was present in the P3 position; only with zfPAI-1 Y(P3)S did the
affinity remain unchanged (Fig. 5, Table 2). When combined
with the L97bG mutation, the affinity to PAI-1 variants with
P3 = Tyr is strongly increased, whereas the affinity to PAI-1
variants with P3 = Ser decreased (Fig. 5, Table 2). The affinity of
the L97bG R217E mutant to PAI-1 variants with P3 = Ser was
at the same level as that of zfuPA, but the affinity to the PAI-1
variants with P3 = Tyr was still lower than the affinity to these
variants of zfuPA S195A. Mutating an additional residue in the
S3-pocket of huPA, i.e. H99F, did not improve the affinity fur-
ther. We conclude that the residues present in the S3-pocket at
positions 97b and 217 of huPA are major determinants of the
species specificity with respect to recognition of the PAI-1 P3
residue, but that other sites may also contribute.

Mutating residues in zfuPA, we found that the affinities to
the various PAI-1 variants were not at all affected by changing
the 97b position of zfuPA from Gly to Leu (Fig. 5, Table 2). An
E217R mutation caused an ~10-fold decrease in affinity toward
all PAI-1 variants. Humanizing position 99 did not lead to any
major changes in affinity toward various PAI-1 variants (Fig. 5,
Table 2). Thus, in the case of zfuPA, the lack of reactivity with
human PAI-1 seems mainly to be determined by exosites, either
by direct interactions or because they affect the conformation
of the S3-pocket.

Species specificity of plasminogen activation by uPA

We tested the ability of human uPA to activate huPlg and of
zfuPA to activate zfuPlg. The activation process was first veri-
fied by incubation of the uPlgs and uPAs at concentrations of 2
uM and 200 nwm, respectively, in the presence of 20 mMm apro-
tinin, followed by analysis of the reaction products by SDS-
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PAGE under reducing conditions. As expected, incubation with
uPA converted the molecular mass 29-kDa single chain uPlg to
microplasmin (uPlasmin) migrating at 25 kDa molecular mass
(Fig. S3). This pattern was the same with all combinations of
human and zebrafish plasminogen and uPA (Fig. S3), however,
the activation rate varied.

To obtain a comparable quantitative estimate of the rates of
plasminogen activation, we determined the K, and k_,, values
for plasminogen activation, testing all combinations of uPA and
wPlgs from human and zebrafish. The rate of plasminogen acti-
vation was estimated by a coupled assay, in which uPA and
plasminogen were incubated with a plasmin substrate. As re-
flected in the k_,,/K,,, values, a commonly used measure of the
catalytic efficiency of a specific protease—substrate pair, our
data reveal a strong species specificity in the recognition
between uPA and plasminogen. With uPA and uPlg from the
same species, the k /K, values are around 400 mm * s~ *,
whereas the k_,,/K,, values with uPA and uPlg from different
species are down to roughly 1 mm ™~ ' s~ ' (Fig. 6, Table 3).

Substituting the P3 Pro of human uPlg with Phe, as in the P3
of zebrafish plasminogen, reduced the k_, /K, value for its acti-
vation by huPA, although not down to the same level as the
k../K,,, value for activation of zfuPlg by huPA. On the other
hand, the mutation enhanced its rate of activation by zfuPA.
Likewise, substituting the P3 Phe of zfuPlg with a Pro, like the
P3 of human plasminogen, reduced the k_, /K, value for its
activation by zfuPA, although not down to the same level as the
k../K,, value for activation of zfuPlg by huPA. The mutation
enhanced its rate of activation by human uPA (Table 3, Fig. 6).
On this basis, we concluded that the P3 residue plays a substan-
tial role in the species specificity in recognition of plasminogen
by uPA, but that exosites also play a role.

To evaluate the effect of the residues lining the S3-pocket, we
combined the substitutions at positions 97b and 217. Double
mutants were chosen on the basis of the SPR experiment in
which simultaneous mutation of 97b and 217 in huPA switched
the specificity toward P3 residues of PAI-1 (Fig. 5). The double
substitution L97bG/R217E in huPA resulted in a 100-fold
reduction in the k_,,/K,,, value activation of huPlg WT. Inter-
estingly, this reduction was fully compensated for by a P(P3)F
substitution of huPlg. On the other hand, the k_,,/K;,, value for
the activation of zebrafish zfuPlg remained very low, indicating
that exosites are of decisive importance for the species specific-
ity of plasminogen activation by uPA. The counterpart to the
double mutant of huPA is zfuPA G97bL/E217R. This variant
has lost any measurable activity toward huPlg P(P3)F and the
activity toward zfuPlg WT was 15-fold lower than the reactivity
toward zfuPlg F(P3)P (Table 3, Fig. 6). The latter finding can be
explained by either of two assumptions: 1) the G97bL/E217R
mutation is not enough to make a Pro fit into the S3-pocket; or
2) exosite interactions dominate the inability of zfuPA to acti-
vate huPlg. These results agreed with the relative rates of plas-
minogen activation, which were estimated from the gel assays

(Fig. S3).

Discussion

In this report we studied the interactions between protease
and its protein inhibitor uPA:PAI-1 and protease and its natural
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Figure 5. SPR-based screening of uPA mutants. Importance of the S3-pocket-lining residues of uPA on species specificity was tested by exchanging the
residues alone or simultaneously between huPA S195A and zfuPA S195A. Created huPA variants: (A) huPA L97bG/S195A, huPA S195A/R217E, huPA L97bG/
S195A/R217E, huPA L97bG/H99F/S195A/R217E, and zfuPA variants: (B) zfuPA G97bL/S195A, zfuPA S195A/E217R, zfuPA G97bL/S195A/E217R, and zfuPA
G97bL/F99H/S195A/E217R were captured on the surface of the SPR chip via a specific antibody and tested for binding to hPAI-1 WT, hPAI-1 S(P3)Y, zfPAI-1 WT
and zfPAI-1 Y(P3)S. Each point represents the mean of three independent K, determinations with standard deviation. Helper lines interconnecting the
individual data point are given as visual trend guides. Representative sensorgrams with the fit are shown in Fig. S2.
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Figure 6. Activation of uPlg by WT (A) and 97b/217 mutants (B) of huPA and zfuPA measured by coupled assay. A, importance of the P3 residue
of plasminogen on species specificity was tested by exchanging the P3 residues between huPlg and zfuPlg followed by determination of activation
rates of huPlg WT, huPlg P(P3)F, zfuPlg WT, and zfuPlg F(P3)P by huPA WT (closed symbols) and zfuPA WT (open symbols). B, because the huPA
L97bG/S195A/R217E showed reversed specificity toward the P3 residue of PAI-1 compared with huPA S195A, we have chosen huPA L97bG/R217E
(closed symbols) and zfuPA G97bL/E217R (open symbols) and tested for activation of huPlg and zfuPlg variants. The activation rate of zfuPlg F(P3)P by
zfuPA G97bL/E217R (marked with *) was too slow to be measured by this method. To eliminate the effect of the plasminogen conformational state on
activation rate and to focus on the active site interactions, uPlg was used instead of full-length plasminogen. Each point represents the mean value
calculated from three individual k_,./K,, determinations with standard deviation. Helper lines interconnecting the individual data point are given as
visual trend guides.

Table 3
ka/K,, (nm~" s~ ) of the uPlg activation by uPA

Mammalian P3 Non-mammalian P3

uPA huPlg WT zfuPlg E(P3)P huPlg P(P3)F ZfuPlg WT
huPA WT 344.0 =+ 80.0 (3) 50+ 1.1(3) 24.0 + 5.0 (3) 1.5+ 0.2 (3)
huPA L97bG/R217E 40+ 03 (3) 0.3 + 0.09 (3) 253.0 + 9.0 (3) 0.09 = 0.03 (3)
ZfuPAb W'T 12+ 0.3 (3) 25.9 + 3.7 (3) 16.0 = 3.0 (3) 468.0 = 15.0 (3)
zfuPAb G97bL/E217R 0.3 + 0.02 (3) 0.3 + 0.1 (3) ND* 0.02 = 0.02 (3)

“ND, reaction rate too slow to be determined in this setup.

substrate uPA:plasminogen. Comparison of predicted binding
interfaces from various classes of vertebrates allowed us to pin-

tested the effects of such substitutions on protein—protein
interactions. Apart from answering the question about how the

point co-varying positions, which may suggest coevolution of
interacting proteins. The plasminogen activation system is an
excellent model system to test such questions because no cofac-
tors are known to be involved and thus the observed high affin-
ities are attributed to direct intermolecular interactions. To test
this coevolution hypothesis we produced proteins from evolu-
tionary distant species, i.e. human and zebrafish, exchanged
covarying residues between the orthologues and biochemically
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pairs of proteins evolved maintaining the interactions, we
would like to address whether knowledge about coevolution of
interacting partners could provide an insight into the funda-
mentals of protease—substrate and protease—inhibitor interac-
tions. Stated simply, coevolution could be driven by what is
important for these two types of interactions, i.e. resulting in
co-conservation or covariation of the residues important for
the interactions. Moreover, we wanted to uncover potential dif-
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ferences between the interaction of the classical substrate plas-
minogen and the substrate-mimicking inhibitor PAI-1 with the
targeting proteases uPA and tPA.

Here we have demonstrated that there is a strong species
specificity in the recognition of plasminogen and PAI-1 by uPA
among vertebrates. For the recognition between the proteases
and PAI-1, detailed molecular information is available from the
known crystal structure of the human uPA:PAI-1 Michaelis
complex (16) and the human tPA:PAI-1 complex (17). The
structures show involvement of RCL-active site interactions as
well as exosite interactions in the recognition between the pro-
teases and the serpin. Although no consistent patterns in the
variation of the residues in the positions implicated in exosite
recognition between uPA and PAI-1 could be identified among
different vertebrate classes, there was a clear correlation be-
tween the residues present in the P3 position of PAI-1 and the
residues lining the S3-pocket of uPA supported by mutual
information calculations. We therefore formed the hypothesis
that at least part of the poor reactivity of huPA with zfPAI-1 and
zfuPA with hPAI-1 is due to a poor fit of the P3 position of the
inhibitor into the S3-pocket of the protease. For plasminogen
recognition by uPA, there is no structural information avail-
able. Mutual information data suggests a similar correlation
between the S3-pocket residues of uPA and the P3 residue of
plasminogen compared with corresponding residues of uPA
and PAI-1. Based on this information, we therefore extend our
hypothesis that a mismatch between the S3-pocket of the pro-
tease and the P3 residue of the substrate is responsible for the
poor reactivity of huPA toward zfuPlg and the corresponding
zfuPA toward huPlg, in a manner analogous to that of the uPA:
PAI-1 interaction.

PAI-1 belongs to the serpin superfamily and is a fast and
specific inhibitor of uPA and tPA. Its mechanism of action is
initiated with the formation of a reversible Michaelis complex
in which the RCL binds to the protease active site in a substrate-
like manner, a prerequisite for the serpin’s subsequent confor-
mational change triggered by a proteolytic cleavage of the scis-
sile bond within the RCL (23). The result of this transition is a
protease covalently linked to the inhibitor with its active site
irreversibly distorted and inactive. For most serpins, the initial
formation of the Michaelis complex through RCL and exosite
interactions is important for obtaining the specificity and the
affinity needed for the proper regulation of the target proteases
(24). In the regulation of the plasminogen activators by PAI-1, a
tight Michaelis complex in the nanomolar range is formed. This
tight interaction is protected through evolution either by con-
servation or coevolution of interacting residues as in the case of
the P3 of PAI-1 and the S3 of uPA. Mutation of the PAI-1 P3
residue alone was enough to fully switch species specificity. In
the case of uPA, mutations introduced on the human back-
ground switched the specificity toward the P3 residue of PAI-1.
These observations also highlight the difference in the interac-
tion of PAI-1 with uPA and tPA. The P3-S3 interaction does
not have the same importance in the interaction with tPA,
which is in agreement with the crystal structure of the Michae-
lis complex of PAI-1:tPA (16) and biochemical data showing
that exosite interactions play a more pivotal role than in the
interaction with uPA (15).
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Plasminogen activation by uPA is a typical case of a rather
specific protease cleaving its primary substrate. It requires effi-
cient formation of a plasminogen:protease Michaelis complex,
and an efficient catalysis reaction rate followed by a rapid dis-
sociation of the cleavage products from the uPA active site.
This, together with the fact that plasminogen can be activated
by a range of proteases (24), can explain the lower impact of
activation-loop composition in the reaction with uPA as com-
pared with the serpin inhibitor. Additionally, plasminogen acti-
vation is strongly dependent on its conformational state. Full-
length plasminogen adopts a so-called closed conformation, in
which the N-terminal Pan-apple domain interacts with kringle
4-and 5 (25) and the activation loop is not exposed for cleavage.
To expose the activation loop and thus increase the plasmino-
gen activation rate, plasminogen has to undergo a closed to
open transition. Plasminogen opening is promoted either by
proteolytic removal of the Pan-apple domain or via interactions
between the plasminogen kringle domains and internal lysines
on target surfaces (25). In the open conformation, the activa-
tion loop is more accessible, increasing the overall rate of plas-
minogen activation. To eliminate the effect of plasminogen
conformational states on the activation rate, we used truncated
versions of plasminogen (uPlg) in which Pan-apple and all krin-
gle domains were deleted, leaving only the linker connecting
kringle 5 with the catalytic domain, the activation loop, and the
catalytic domain itself (Fig. S1). This allowed us to focus on the
active site interactions. Compared with the PAI-1 mutations,
the wPlg P3 residue and S3-lining residues of uPA had a lower
impact on the activation rate and were never sufficient to com-
pletely switch the specificity.

Taken together, our data from studying key proteins of the
plasminogen activation systems clearly demonstrates that the
nature of interactions between a protease and its inhibitor and
the same protease and its substrate can be different. Our
hypothesis is that for the inhibitor, the proteolytic cleavage of
the substrate-like RCL is followed by a highly timed inhibitory
mechanism that depends on a release of the protease that is
slow enough for an efficient inhibitory reaction to occur (26).
Cleavage of a real substrate is followed only by release of the
products, making timing less crucial. Instead, it is more critical
to generate enough product, in the right spatial location and
when needed. All these parameters are controlled by external
factors such as protein levels, expression patterns, tissue- or
cell-specific localization, receptors, cofactors, stimulating sig-
nals (proteolytic cascades), etc., although this does not indicate
that such parameters do not also influence the control of pro-
tease activity by designated inhibitors.

Moreover, results with plasminogen and PAI-1, respectively,
show that the P3 residue of either substrate or inhibitor has
changed from a large aromatic residue to a small aliphatic,
hydrophilic residue. Corresponding mutations have occurred
in the protease, potentially compensating for this change, but
these are only to a limited extent localized in the positions mak-
ing direct contact to the P3 residue, i.e. the S3-pocket. Rather,
they are localized at exosites making direct contacts to sub-
strate/inhibitor or affecting the conformation of the S3-pocket.
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Experimental procedures

Database search, sequence alignment, and structural
modeling

Sequences of PAI-1, uPA, tPA, and plasminogen were
retrieved from the NCBI database using tBLASTn (https://
blast.ncbi.nlm.nih.gov/Blast.cgi)® (27) with human protein se-
quences as a query. For lungfish, the sequences were analogi-
cally identified in the de novo assembled transcriptome (28). At
least one sequence of tPA, PAI-1, and plasminogen were found
in each monophyletic group of vertebrates, whereas uPA was
found in all groups except amphibians. To compare uPA, tPA,
PAI-1, and plasminogen between vertebrate classes we first
aligned protein sequences from each class separately using
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) (41)
and generated consensus sequences of uPA, tPA, PAI-1, and
plasminogen for each vertebrate class. Consensus sequences
were then aligned (in Clustal Omega) and compared. By using
consensus sequences, we compensated for the number of
sequences differing among vertebrate classes.

Numbering of uPA and tPA residues was according to the
standard chymotrypsin numbering scheme. Residues of the
RCL of PAI-1 and plasminogen activation loops were num-
bered P1-Pn when located on the N-terminal and P1'-Pn’
when on the C-terminal side of the scissile bond (between the
P1 and P1’). Numbers increased the further from the scissile
bond residue was located. Correlated patterns of evolutionary
change at specific sites were initially identified by visual inspec-
tion and confirmed by calculating mutual information, as cal-
culated by the MISTIC server (29). Intermolecular mutual
information scores were calculated pairwise between all sites
between PAI-1 and uPA, plasminogen and uPA, and PAI-1 and
tPA.

The homology models of zfuPA and zfPAI-1 structures
were constructed using the Swiss-model platform (https://
swissmodel.expasy.org/) on the template of crystal structure of
human proteins (PDB ID 3PB1). All structures were visualized
by the PyMol Molecular Graphics System, version 1.0r2,
Schrodinger, LLC.

DNA manipulations

DNA vectors for the expression of WT hPAI-1, zfPAI-1,
huPA, and zfuPA were kindly provided as described in Refs.
30 and 31. DNA vectors containing ¢cDNA encoding WT
wuPlg (Fig. S1) from human and zebrafish (huPlg and zfuPlg,
respectively) were codon-optimized for expression in Esch-
erichia coli and purchased from MWG Eurofins (Operon).
For protein production, the cDNA was amplified and cloned
into the pET21a E. coli expression vector (Novagen). PAI-1,
uPA, and uPlg mutants were made using the QuikChange
Site-directed Mutagenesis Kit (Stratagene) as described by
the manufacturer, with a slight modification. For the PCR,
Pfusion DNA polymerase was used (ThermoScientific). Final
DNA products were amplified by transformation into E. coli
DH5a cells. Mutations were verified by DNA sequencing
(MWG Eurofins, Operon).

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Protein production and purification

PAI-1 purification—Variants of hPAI-1 were produced and
purified from E. coli BL21(DE3) pLysS (Novagen) according to
a previously described protocol (30). Use of nonglycosylated
hPAI-1 variants was justified as the presence of glycans does not
affect the biochemical properties of hPAI-1 (23). Protein pro-
duction was induced at A4y, = 0.6—0.8 by addition of 1 mm
isopropyl B-p-thiogalactoside. Culture was continued for 3 h at
28 °C, 200 rpm, and cells were harvested by centrifugation (30
min, 4,000 X g, 4 °C). The resulting cell pellet was resuspended
in 50 mm Na,HPO,, pH 7.4, 2 M NaCl, 20 mMm imidazole, frozen
and thawed to facilitate cell lysis, and disrupted by sonication.
The cell lysate was centrifuged (30 min at 11,000 X g, 4°C),
filtered through a nitrocellulose filter (0.45 wm; Millipore), and
subjected to a two-step purification including affinity chroma-
tography on Ni-Sepharose (GE Healthcare) followed by size
exclusion chromatography using a Superdex 75 (GE Health-
care) equilibrated in 5 mm MES-HCI, pH 6.1, 1 m NaCl. This
protocol resulted in high yield of hPAI-1 of at least 95% purity in
a predominantly active conformation, as confirmed by SDS-
PAGE and Coomassie staining.

Due to the high rate of latency transition of nonglycosylated
zfPAI-1 (31), zfPAI-1 variants were produced in a suspension of
HEK293-6E cells (32, 33). Purification of zfPAI-1 from the
culture medium was performed according to the protocol
described in Ref. 31 and included two-steps: cation exchange on
SP-Sepharose (GE Healthcare) with gradient elution from 50
mM to 2 M NaCl, followed by size exclusion chromatography
using a Superdex 75 equilibrated in 5 mm MES-HCI, pH 6.1, 1 M
NaCl. This procedure resulted in zfPAI-1 of at least 95% purity
in a predominantly latent form, as confirmed by SDS-PAGE
and Coomassie staining. zfPAI-1 was activated by denatur-
ation with 4 M guanidinium chloride supplemented with
0.1% (v/v) B-mercaptoethanol (BME) followed by extensive
dialysis at 4 °C against PBS containing 0.1% (v/v) BME and
final dialysis against storage buffer composed of 5 M MES, pH
6.1, 1 M NaCl.

The activity of PAI-1 variants was determined in the reaction
with huPA followed by a chromogenic assay (30) and was equal
to 50 — 80% depending on the batch. In addition to the chromo-
genic assays, formation of SDS-stable PAI-1:uPA complexes
was tested by SDS-PAGE. To isolate active inhibitor, PAI-1 in
30 mm Hepes, pH 7.4, 135 mm NaCl, 1 mm EDTA was loaded on
a anhydrotrypsin-agarose column (Molecular Innovations)
equilibrated with the same buffer. PAI-1 was eluted from the
column with a low pH buffer composed of 10 mwu citric acid, pH
2.5, 120 mm NaCl, 1 mm EDTA. Fractions were immediately
neutralized with 0.2 fraction volume of 0.5 M Na,HPO,, pH 6.6,
1 M NaCl. PAI-1 activity was confirmed in the reaction with
uPA monitored by a chromogenic assay and estimated to be at
least 85%.

uPA purification and activation—Variants of huPA and
zfuPA were expressed in a suspension of human embryonic
kidney 293-6E (HEK293-6E) cells (32, 33). The cell culture and
transfection were as described for zfPAI-1. Prior uPA purifica-
tion cell media was clarified by centrifugation (30 min, room
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temperature, 4,000 X g) followed by filtration through a nitro-
cellulose filter (0.22 wm, Millipore). Variants of huPA (WT and
L97bG/R217E) were purified on the anti-huPA mAb clone 6
(34, 35) Sepharose column prepared by immobilization of the
monoclonal antibodies on the CNBr-activated Sepharose (GE
Healthcare) according to the manufacturer’s protocol. huPA-
containing cell medium was slowly loaded on the antibody col-
umn equilibrated with 0.1 M Tris-HCI, pH 8.1, and huPA eluted
with the low pH buffer containing 0.1 M CH;COOH, pH 2.9, 1 M
NaCl. Immediately after elution fractions were neutralized with
0.1 fraction volume of 1 m Tris-HCI, pH 9.0. Purification of
zfuPA (WT and G97bL/E217R) was conducted according to the
two-step purification protocol described in Ref. 20. In brief, cell
medium was loaded on the nickel-Sepharose column equili-
brated with 20 mm Na,HPO,, pH 7.5, 0.5 M NaCl, 20 mM imid-
azole. Variants of zfuPA eluted with 200 mm imidazole were
further purified on the Superdex 75 column equilibrated with
10 mwu citrate, pH 5.0, 300 mm NaCl. The SDS-PAGE of huPA
and zfuPA variants confirmed homogeneity and more than 95%
purity of the samples.

Purified uPA variants were predominantly in the inactive
zymogen form. Prior to further analysis, uPA was activated with
human plasmin. Briefly, 1 um uPA in PBS was incubated over-
night at room temperature with 4 nM human plasmin. Activa-
tion was stopped by the addition of 200 nm bovine lung apro-
tinin (Sigma). Enzymatically inactive uPA variants carrying the
S195A mutation were not purified but activated directly in the
conditioned media using the analogues protocol. Complete
activation of all uPA variants was confirmed by reducing
SDS-PAGE.

wPlg refolding and purification—All uPlg variants used con-
tained an 18-amino acid N-terminal synthetic peptide facil-
itating expression in inclusion bodies (36), a linker connect-
ing kringle 5 with the serine protease domain and the serine
protease domain (Fig. S1). The expression, refolding, and
purification protocol was according to Refs. 36 and 37 with
modifications. Briefly, huPlg variants were produced and
purified in BL21(DE3) pLysS E. coli cells and zfuPlg in
Rosetta™(DE3)pLysS E. coli cells. The protein production
was induced with 1 mm isopropyl B-p-thiogalactoside at A,
0.6-0.8. Post-induction cell culture was continued for an
additional 3 h at 37 °C, 200 rpm, and cells were harvested by
centrifugation (4,500 rpm, 4 °C, for 20 min). The cell pellet
was re-suspended in 50 mm Tris-HCI, pH 8.0, 0.5 m NaCl,
10% (v/v) glycerol, 1 mm EDTA, 1 mm BME and sonicated on
ice for 20 min. To isolate the insoluble fraction containing
inclusion bodes, the cell lysate was spun down (15,000 X g,
4 °C for 30 min) and the pellet was washed with 1) wash
buffer containing 50 mm Tris-HCI, pH 8.0, 0.5 M NaCl, 10%
(v/v) glycerol, 1 mm BME, 1 mm EDTA; 2) wash buffer + 1%
Triton X-100; and 3) wash buffer + 0.25% Triton X-100; and
4) wash buffer. The steps after each wash included resuspen-
sion of the insoluble fraction in the buffer (50 ml/each 1 liter
of bacteria culture), 30 min of gentle stirring at 4 °C, and
removal of the buffer by centrifugation (15,000 X g, 4 °C, for
30 min). For solubilization, inclusion bodies were resus-
pended in denaturation buffer containing 50 mm Tris-HCI,
pH 8.0, 100 mm NaCl, 6 mM urea, 1 mm EDTA, 10 mm BME
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and gently stirred overnight at 4 °C. The solubilized inclu-
sion bodies were clarified by centrifugation (15,000 X g, 4 °C,
for 30 min), diluted to a final protein concentration of 0.1—
0.2 mg/ml in denaturation buffer containing 1 mm SME and
refolded by stepwise removal of denaturing agents by 1)
overnight dialysis at 4 °C against 50 mm Tris-HCI, pH 8.0,3 M
urea, 10% (v/v) glycerol, 1 mm BME; 2) ~8 h dialysis at 4 °C
against 50 mm Tris-HCI, pH 8.0, 10% (v/v) glycerol; and 3)
overnight dialysis at 4 °C against a fresh portion of 50 mm
Tris-HCI pH 8.0, 10% (v/v) glycerol. Prior to purification,
refolded wPlg variants were dialyzed overnight at 4 °C
against 20 mm MES, pH 6.5, and the protein solution was
clarified by centrifugation (15,000 X g, 4 °C, 30 min) and
filtrated through a nitrocellulose filter (0.22 wm, Millipore).
The uPlg variants were purified in two steps including ion-
exchange on the SP Sepharose column equilibrated with 20
mMm MES, pH 6.5, and eluted with 20 mm Tris-HCL, pH 6.5, 1
M NacCl, followed by size exclusion on Superdex 75 column
equilibrated with 20 mm citrate, pH 3.1, 300 mm NaCl. This
procedure resulted in uPlg of more than 95% purity as con-
firmed by SDS-PAGE and Coomassie Blue staining.

To remove any remaining plasmin activity from the uPlg
stocks, uPlg was incubated in PBS containing 1 um diisoprop-
ylfluorophosphate (DFP) for 2 h at room temperature. After 2 h,
a fresh DFP was added to final concentration 2 uM and incu-
bated for an additional 2 h. The excess of inhibitor was removed
by overnight dialysis at 4 °C against 10 mm citrate, pH 4.5, 50
mwm NaCl.

Michaelis complex formation analysis using SPR

For all SPR analysis, a Biacore T200 instrument (GE Health-
care) was used. CM5 chip (GE Healthcare) was prepared as
follows: mAD anti-huPA clone 6 or polyclonal antibodies anti-
zfuPA (in-house)* were immobilized in both flow cells to the
level of 5000 response units at pH 4.5 using the manufacturer’s
protocol for amine coupling. The anti-huPA mAb recognizes
an epitope outside the serine protease domain and does not
affect the protease activity (35, 38). All experiments were per-
formed in PBS, pH 7.4, supplemented with 0.1% bovine serum
albumin (BSA) and 0.05% Tween 20 at 25 °C with the flow rate
30 ul/min. Between the runs the chip was fully regenerated with
injections of low pH buffer composed of 10 mm glycine, 0.5 M
NaCl, pH 2.4.

To determine kinetics constants of the Michaelis complex
formation, 50 response units of an inactive protease mutant
carrying the S195A mutation was captured on a single flow cell
and one PAI-1 concentration from 2-fold dilution series (0.2 to
100 nm) was injected to both flow cells. Nonspecific binding was
removed from the raw binding curves by subtraction of signal
from the reference cell of the parallel experiment performed
without protease. Buffer injection was also subtracted from all
binding curves. Association was monitored for 90 s of constant
inhibitor injection, and dissociation for 300 s of constant buffer

4 A. Jendroszek, J. B. Madsen, A. Chana-Munoz, D. M. Dupont, A. Christensen,
F. Panitz, E-M. Fuchtbauer, S. C. Lovell, and J. K. Jensen, unpublished data.
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injection. For determination of kinetic parameters, a 1:1 bind-
ing model was used to fit the binding curves in the Biacore T200
Evaluation Software (GE Healthcare).

The pPlg activation gel assay

To confirm that the reaction between uPlg and plasminogen
activators results in uPlasmin generation and to compare the
ability of the different proteases to activate wPlgs, the reaction
products were analyzed by SDS-PAGE. For the assay, 2 um uPlg
was incubated with 200 nm activator in the presence of 20 um
bovine lung aprotinin at 37 °C, pH 7.4. At each time point (0, 5,
10, 20, 30, 60, and 120 min) the reaction was stopped by trans-
ferring a 30-ul aliquot of the reaction mixture to the tube con-
taining hot reducing SDS-PAGE sample buffer. Samples were
analyzed by SDS-PAGE with Coomassie Blue staining. Intensi-
ties of the bands referring to uPlg and uPlasmin were measured
in GelAnalyzer software. The fraction of uPlg at each time
point was calculated from the total intensity of the bands refer-
ring to uPlg and pPlasmin.

K, andk

<ae determination of uPlg

All of the experiments were carried out in 10 mm Hepes, pH
7.4, 140 mm NaCl supplemented with 0.1% BSA and performed
at 37 °C, in the Multiskan GO (ThermoScientific) ELISA plate
reader. The determination of kinetic constants for uPlg activa-
tion was performed according to the protocol described in Refs.
39 and 40, with slight modifications. Briefly, a 2-fold serial dilu-
tion of the DFP-treated uPlg was made in the 96-well plate. The
H-p-Val-Leu-Lys-pNA-2HCI (S-2251™") plasmin substrate
(Chromogenix) was then added to each well to a final concen-
tration 50 uwm and the reaction was started by the addition of
uPA to a final concentration of 0.1 nm. For each wPlg variant, a
control without uPA was made by combining uPlg with
S-2551"™ only in the same volume and concentration as for the
assay with the uPA. The reaction was followed by absorbance
measurements at 405 nm in real time. The initial velocities (V)
were determined by fitting the parabolic equation, A,o5 = (V; X
£%) + b, where ¢ refers to time and b is a constant value, to the
initial measurements for A,,; < 0.3 X A__ . The kinetic con-
stants were determined by constructing a Michaelis-Menten
plot.
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